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a b s t r a c t

Optical phonons and phase transitions of (Pb0.97La0.02) (Zr0.60Sn0.40�yTiy)O3 (PLZST 97/2/60/40-100y/
100y) ceramics with different compositions have been investigated by x-ray diffraction and temperature
dependent Raman spectra. From the temperature dependence of low wavenumber phonon modes, two
phase transitions (antiferroelectric orthorhombic to intermediate phase and intermediate phase to
paraelectric cubic phase) were detected. The intermediate phase could be the coexistence one of anti-
ferroelectric orthorhombic and ferroelectric rhombohedral phase. In addition, two modes (a soft mode
and an anharmonic hopping central mode) were found in the high temperature paraelectric cubic phase.
On cooling, the anharmonic hopping central mode splits into two modes in the terahertz range. More-
over, the antiferrodistortive mode appears in the antiferroelectric orthorhombic phase. Based on the
analysis, the phase diagram of PLZST ceramics can be well improved.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Lead zirconate titanate (PZT) system as a typical perovskite
material has been widely used in sensors and actuators due to its
high piezoelectric and coupling coefficients first measured by
Berlincourt et al [1]. The phase diagram of PZT system determined
by Jaffe et al. shows a rich phase distribution [2]. The titanate (Ti)-
rich parts of the phase diagram are ferroelectric tetragonal (FET)
phase with P4mm symmetry. Additionally several more complex
phase boundaries occur on the zirconate (Zr)-rich side. The ferro-
electric rhombohedral (FER) structure at high temperature has
space group with R3m symmetry, which indicates that the average
cation displacements are along the [111]p direction (where
p ¼ pseudocubic). A phase transition to R3c occurs on cooling as a
result of antiphase tilting of the oxygen octahedra about the [111]p
axis [3]. Close to the PbZrO3 end, a phase boundary between FER
with R3m symmetry and antiferroelectric orthorhombic (AFEO)
with Pbam symmetry is encountered.
Nowadays the phase transitions between AFEO and FER phases of
the pure and Zr-rich compositionally modified PbZrO3 have been
intensively studied by many workers by means of structural,
dielectric, pyroelectric, piezoelectric, and optical investigations
[4e9]. Several new phases located close to the AFEO and FER phase
boundaries have been identified in the PZT phase diagram [10e12].
As we know, the stability of the AFEO and FER phases can be altered
through the chemical substitutions of La3þ at the Pb site and Ti4þ or
Sn4þ at the Zr site. Thus, it could easily produce several new phases
and generate a rich phase picture by modification. Additionally, it
was reported that some new phases could be induced by the sub-
stitution of Sn4þ for Zr4þ when the composition of Sn exceeds 30%.
These new phases were considered to be ferroelectric and anti-
ferroelectric phases or the coexistence of both phases [11]. Nowa-
days we discovered a transient phase in (Pb0.97La0.02)
(Zr0.60Sn0.40�yTiy)O3 (PLZST, 2.0% � y � 6.0%) ceramics, where the
low wavenumber phonon modes present an abrupt variation with
the temperature. Note that the new phase may be the intermediate
phase. As we know, the phase transformations are associated with
lattice variations, consequently resulting in the changes of phonon
modes. Fortunately, Raman scattering as a nondestructive and
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Fig. 2. Raman spectra of PLZST ceramics with different Ti composition at 100 K and the
corresponding harmonic oscillator fitting results. Note that the dashed lines are
applied to guide the eyes.
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readily available characterization technique has been widely used
to study structural phase transitions in ferroelectric system.

In this article, the phase transitions and low wavenumber
phonon modes of (Pb0.97La0.02) (Zr0.60Sn0.40�yTiy)O3 ceramics have
been investigated through x-ray diffraction (XRD) and temperature
dependent Raman scattering. Based on the variations of low
wavenumber phonon modes, the new phase which we call the
intermediate phase was also observed. We review the evidence for
the intermediate phase and present an overview of the structural
variations which occur near the boundary between the AFEO and
FER phase.

2. Experimental details

The (Pb0.97La0.02) (Zr0.60Sn0.40�yTiy)O3 (PLZST, 2.0% � y � 6.0%)
ceramics were fabricated by a conventional solidestate reaction
sintering, using the appropriate amount of reagent grade raw ma-
terials of lead tetraoxide (Pb3O4), zirconium dioxide (ZrO2), tita-
nium dioxide (TiO2), tin oxide (SnO2), and lanthanum oxide (La2O3).
The sintering process was carried out in a lead rich environment in
order to minimize lead volatilization. The samples were sintered at
1300 �C for 1 h in air atmosphere. The details of fabricating process
can be found in Ref. [4]. Before spectral measurements, the ce-
ramics with the diameter of 15mm and the thickness of 1 mmwere
rigorously single-side polished and cleaned in pure ethanol with an
ultrasonic bath and rinsed several times by deionized water. The
crystalline structures of the PLZST ceramics were investigated by
XRD at room temperature using a Ni filtered Cu-Ka radiation
operated at 40 kV and 200 mA (D/MAX-2550V, Rigaku Co.). In the
XRD experiments, a vertical goniometer (model RINT2000) was
used, and continuous scanning mode (2q/q) was selected with an
interval of 0.02�. The 2q range was 20e80� and the scanning rate
was 10� min�1. On the other hand, temperature dependent Raman
scattering measurements were carried out by a Jobin-Yvon LabRAM
HR 800 UV micro-Raman spectrometer and a THMSE 600 heating/
cooling stage (Linkam Scientific Instruments) in the temperature
range from 100 to 650 K with a resolution of 0.1 K. The HeeNe laser
Fig. 1. (a) X-ray diffraction patterns of (Pb0.97 La0.02) (Zr0.60 Sn0.40�y Tiy)O3 ceramics with di
diffraction peaks (211) at 2qz 55+.
with the wavelength of 632.8 nm is taken as the exciting source,
which is believable for recording low wavenumber Raman phonon
modes and the signal is very good. The laser beam was focused
fferent Ti composition recorded at room temperature. (b) The enlarged regions for the
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through a 50� microscope with a working distance of 18 mm. An
aircooled charge coupled device (CCD) (�70 �C) with a 1024 � 256
pixels front illuminated chipwas used to collect the scattered signal
dispersed on 1800 grooves/mm grating. To get rid of the trivial
temperature dependence, all Raman spectra have been divided by
the Bose-Einstein occupation number n(u) þ 1 ¼ 1/
[1 � exp(�Zu=kBTÞ (Z and kB are Planck constant and Boltzmann
constant, respectively) [15]. Note that the derived Raman spectra
can be fitted with independent Lorentzian damped harmonic os-
cillators to uniquely obtain the phonon wavenumber [17e19].
3. Results and discussion

3.1. Structural analysis

Fig. 1(a) shows the XRD patterns of the PLZST ceramics at room
temperature. The strongest (110) diffraction peak is located at about
31+ and other weaker peaks (100), (111), (200), (210), (211), (220),
and (310) also appear. It indicates that the ceramics are of pure
perovskite structure and there is no secondary pyrochlore struc-
ture. The patterns show high similarity to those of single crystal
powder [14], which suggests good quality of PLZST ceramics. The
enlarged regions for the diffraction peak (211) at 2q z 55� are
presented in Fig. 1(b). For PLZST ceramics with y ¼ 2%, the (211)
peak was fitted with four Lorentzians. While for PLZST with y ¼ 4%,
the left-most peak merges into the nearest one and becomes the
shoulder structure. Further increasing the composition of Ti to 5%,
the left-most peak disappears, which indicates that there is a phase
transition although the variation is small.
3.2. Raman spectroscopic analysis as a function of temperature

Raman scattering results and well-fitted deconvolution peaks at
100 K for (Pb0.97La0.02) (Zr0.60Sn0.40�yTiy)O3 ceramics are depicted
in Fig. 2. All of the spectra can be divided into two main bands of
cubic ABO3 perovskite materials, with the wavenumber range from
10 to 160 cm�1 labeled as Last modes and from 160 to 400 cm�1

labeled as Slater modes, respectively. The eigenvectors of these
modes are mainly related to the A-, and B-cation displacements,
respectively [16]. The Last modes are fitted with five independent
harmonic oscillators, with the anharmonic hopping central mode
(u1) located at about 34 cm�1 and 49 cm�1, u2 mode at 59 cm�1, the
antiferrodistortive mode (u3) at 73 cm�1, and u4 mode at 130 cm�1,
respectively. It is seen that the left u1 mode (34 cm�1) becomes a
shoulder structure with increasing the composition of Ti. Addi-
tionally, the u4 mode was observed to shift to lower wavenumber
from Fig. 2, which can be attributed to the decrease of electro-
negativity by the substitution of Ti4þ for Sn4þ. For the Slater modes,
Table 1
The assignments of symmetries from the fitting deconvolution peaks in Raman scattering
phonon wavenumber is cm�1 and the error bars are presented in parentheses.

Symmetry (100 K) AFEO

Phonon modes u1 u2 u3 u4

34.4/48.6 57.9 73.8 13
(0.1/0.1) (0.1) (0.1) (0

Symmetry (T*) Intermediate phase

36.7 52.6 � 10
(0.2) (0.6) (�) (0

Symmetry (TC) PEC

36.5 58.7 � 83
(0.4) (0.4) (�) (0
five independent harmonic oscillators can also be used to fit, with
u5 mode at 207 cm�1, u6 mode at 236 cm�1, u7 mode at 277 cm�1,
u8 mode at 325 cm�1, and u9 mode at 343 cm�1, respectively. Note
that the assignments of phonon modes are labeled at the bottom of
PLZST with y ¼ 2% in Fig. 2 and also comprehensively listed in
Table 1. One can see that Raman spectra for PLZST ceramics are
similar to these for PbZrO3, which indicates that our samples are
really located at the boundary between AFEO and FER [20]. Addi-
tionally, compared to Raman spectra of Pb(Zr0.65 Sn0.35)O3 at room
temperature presented by Jankowska-Sumara [11], extral phonon
modes are present in our spectra, such as the lowwavenumber Last
phonon modes. These extral phonon modes could be due to the
doping of La and Ti, which reduces the lattice structure symmetry.

To elucidate the thermal evolution of (Pb0.97 La0.02) (Zr0.60
Sn0.40�yTiy)O3 ceramics, temperature dependence of Raman spectra
from 100 to 650 K are shown in Fig. 3. For better to present the
figure, PLZST ceramics with y¼ 3% has not been shown. On heating,
all modes from four samples become more flat and some of them
disappear above 400 K, which shows the presence of “true” cubic
system. It indicates that there is a phase transformation to PEC at
the temperature of about 400 K, which agrees well with the
decrease of Raman intensity while increasing temperature in Fig. 4.
As we know, the fact that the significant intensity decreases with
increasing temperature indicates that the symmetry evolves
continuously towards the high one (the paraelectric cubic phase)
[21,22]. Here we must point out that some Raman modes are still
present in the cubic phase, despite the forbidden selection rules, as
it is well known for many Pb-based relaxor ferroelectric materials.
The presence of Raman-active modes could be ascribed to local unit
cell doubling and symmetry breakdown due to the off-site cations
[13,20]. Additionally, all modes present a shift towards lower
wavenumbers compared to those at 100 K, which can be due to
thermal expansion of lattice [23]. In detail, the u1 mode at about
34 cm�1, having its origin in anharmonic Pb atom vibrations
(hopping among the available off center sites) becomes a shoulder
structure and eventually merges into the mode at 49 cm�1. One of
the contributions is the reduce of structural symmetry. For the
mode in the range of 52e58 cm�1, it is assigned to the u2 mode,
deriving from the F1u mode in the PEC phase. It was reported that
vibrations of the Pb atom against the octahedra network in the
direction perpendicular to the spontaneous polarization, which is
expected to the main component of the soft mode of the ferro-
electric transitions [4,24]. In addition, we can see that the u3 mode
related to the antiferrodistortive R25 mode (tilt of the oxygen
octahedra about the polarization axis) disappears on heating. The
existence of this mode has been verified by a small dielectric peak
in the permittivity from PZT with high Zr content [25]. It was re-
ported that this mode stems from the Brillouin zone corner where
of PLZST ceramics with y ¼ 2% recorded at 100 K, T*, and TC. Note that the unit of the

Pbam

u5 u6 u7 u8 u9

1.3 207.2 235.6 277.3 325.6 343.3
.1) (0.1) (0.3) (0.5) (0.4) (0.2)

Pbam and R3m

1.1 211.2 236.7 267.3 325.6 335.8
.2) (1.4) (1.5) (1.2) (1.2) (0.8)

Pm3m

.4 216.0 240.4 271.4 326.1 336.1
.8) (1.8) (1.5) (1.9) (2.9) (3.0)



Fig. 3. Temperature dependent Raman spectra for PLZST ceramics from 100 to 650 K. The symbol (*) represents the low wavenumber phonon modes. Note that the dashed lines are
applied to guide the eyes.
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it is nonpolar. However, in the doubled unit cell, it can be activated
by the PbeO interaction, as shown by the dynamical simulations
[26]. The u4 mode stemming from splitting of T1u in PEC phase is
considered to consist of displacements of the B-cation and oxygen
ions relative to Pb2þ ions in PZT [27]. It softens more than other
modes on heating, which indicates that the u4 mode is more sus-
ceptible to the temperature and there is a phase transformation
during the heating process. As we know, the anomalous behavior of
the peak position is directly related to the phase transition mech-
anism [28]. Thus, the abrupt variations of lowwavenumber phonon
modes demonstrate a phase transition on the heating process.

To further investigate the phase transition mechanism, we plot
temperature dependence of the wavenumber from u4, u3, u2, and
u1 modes in Fig. 5. Two phase transition regions can be easily
recognized based on the abrupt variations of low wavenumber
phonon modes. On heating to the temperature of about 300 K, a



Fig. 4. Temperature dependence of Raman intensity of PLZST ceramics.

X. Ding et al. / Journal of Alloys and Compounds 667 (2016) 310e316314
new transient phase which we call the intermediate phase was
observed. For pure PZT ceramics, the intermediate phase has been
confirmed by superlattice reflections and transmission electron
microscopy [10]. It has a new lower symmetry cell unit with space
group Pm compared to Pbam. This space group does not allow
tilting to occur but does allow the Pb2þ ions to displace with the
same vectors as in the Pc model. For the appearance of the inter-
mediate phase, there are two reasons. Firstly, since our samples are
located near the boundary between AFEO and FER phase and both of
these phases have very close free energy, it is possible for the in-
termediate phase to be induced by increasing temperature and
doping of foreign ions. In addition, it is known that increasing
temperature and doping can introduce defects. So the intermediate
phase does not appear spontaneously but is induced by defects.
Secondly, phase transformations of Zr-rich regions are frustrated by
the surrounding matrix and consequently adopt a structure that is
intermediate between AFEO and FER phase. The volume fraction of
the intermediate phase logically increases as the Ti concentration
decreases until they are of sufficient size and number to stabilize
the AFEO Pbam. For the phase composition of the intermediate
phase, it is not the pure AFEO or FER phase but the coexistence of
both phases due to the competition between AFEO and FER phases.
3.3. Phase diagram of PLZST ceramics

Based on the temperature dependence of low wavenumber
phonon modes, the phase diagram of PLZST ceramics can be pre-
sented in Fig. 6. It can be divided into three parts, with the inter-
mediate phase observed a narrow temperature range between
AFEO and PEC phase. At room temperature, we can see that the
PLZST ceramics go through a transformation from AFEO to the in-
termediate phase when the composition of Ti exceeds 5.0%, which
is consistent with the results from XRD. Furthermore, it is worth
noticing that the samples undergo successive phase transitions as
increasing temperature. In detail, for PLZST with y ¼ 2.0%, there is a
phase transition from the AFEO to the intermediate phase at T* of
about 350 K. On further heating, the intermediate phase becomes
instable and transfers to PEC phase at TC of about 420 K. While
compared to pure PZT materials, TC for our samples is lower, which
can be ascribed to the doping of La and Sn [13,29]. Note that the
boundaries in the phase diagram should not be taken rigorously. It
is because the phase coexistence may occur over a relatively wide
temperature region.
4. Conclusion

To summarize, the phase transitions and thermal evolutions of
PLZST ceramics have been investigated by XRD and temperature
dependent Raman spectra. It was found that two modes (a soft
mode and an anharmonic hopping central mode) appear in high
temperature PEC phase. On cooling, the AHC mode splits into two
modes in the terahertz range. Moreover, the antiferrodistortive
mode occurs in the AFEO phase. Based on the low wavenumber
phononmodes variations, the phase diagram can bewell improved.
In addition, a new transient phase called the intermediate phase
was found to exist between AFEO and PEC phase, which could be
induced by defects through increasing temperature and doping of
foreign ions.



Fig. 5. The variations of A1(TO1), AFD, E(TO1), and AHC modes as a function of temperature for PLZST ceramics with different Ti composition. Note that the dashed lines show the
boundaries of two adjacent phase structures.

Fig. 6. The phase diagram of PLZST ceramics based on the low wavenumber phonon
mode variations with the temperature and Ti composition. The phase transformation
regions of AFEO, intermediate phase and PEC characteristics can be clearly distin-
guished by the solid dots.
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